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Abstract
Cellular differentiation programs are accompanied by large-scale changes in nuclear organization and gene expression. In
this context, accompanying transitions in chromatin assembly that facilitates changes in gene expression and cell behavior
in a developmental system are poorly understood. Here, we address this gap and map structural changes in chromatin
organization during murine T-cell development, to describe an unusual heterogeneity in chromatin organization and
associated functional correlates in T-cell lineage. Confocal imaging of DNA assembly in cells isolated from bone marrow,
thymus and spleen reveal the emergence of heterogeneous patterns in DNA organization in mature T-cells following their
exit from the thymus. The central DNA pattern dominated in immature precursor cells in the thymus whereas both central
and peripheral DNA patterns were observed in naı¨ve and memory cells in circulation. Naı¨ve T-cells with central DNA
patterns exhibited higher mechanical pliability in response to compressive loads in vitro and transmigration assays in vivo,
and demonstrated accelerated expression of activation-induced marker CD69. T-cell activation was characterized by marked
redistribution of DNA assembly to a central DNA pattern and increased nuclear size. Notably, heterogeneity in DNA patterns
recovered in cells induced into quiescence in culture, suggesting an internal regulatory mechanism for chromatin
reorganization. Taken together, our results uncover an important component of plasticity in nuclear organization, reflected
in chromatin assembly, during T-cell development, differentiation and transmigration.
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Introduction
T-cells in the mammalian immune system circulate in the
periphery, exhibiting entry and exit from varied tissues for their
function [1]. Tissue transmigration and its subsequent activation is
a necessary component of T-cell lineage [2]. These cells are
derived from hematopoietic precursors in the bone marrow [3]
and their developmental programs must incorporate elements that
permit nuclear plasticity for their subsequent differentiation and
function [4,5,6,7,8,9]. Since the nucleus forms the rigid compo-
nent of cellular architecture, mechanical pliability to enter tissue
requires large-scale deformations of the cell nucleus [10].
Moreover, recent evidences suggest a coupling between gene
expression and 3D organization of chromatin [5,6,11] - however
the underlying principles of this spatio-temporal coupling are
poorly understood. Global changes in gene expression characterize
T-cell activation [12], which is regulated at multiple levels such as
epigenetic modifications on core histone proteins [13,14], turnover
of chromatin binding proteins [15,16], repositioning of genes and
chromosomes [17,18] and the activity of transcription factors such
as Foxp3, NF-kB, GATA family [19,20,21]. During T-cell
activation, increased activity at the IL2 locus is accompanied by
loss of histone proteins such as H3 and H4 [16], whereas the
CD69 locus undergoes an exchange with histone variant H3.3
from H3 proteins to facilitate expression [15]. Activity dependent
changes in the gene position from nuclear periphery to interior
have been noted for b-globin gene during erythroid maturation
[17]. In some instances, in addition to gene movements,
chromosome positions may also be altered for differential
transcriptional outputs [18,22]. Therefore, cells that transmigrate
and are subsequently activated must demonstrate differential
nuclear plasticity and chromosome organization to enable this
process, although the underlying principles remain to be
understood. Here, we map structural transitions in higher order
DNA organization within the 3D nuclear architecture (DNA
assembly) during the development of T-cells, which offers a unique
model system to investigate the coupling between nuclear plasticity
and cellular differentiation using a combination of live-cell
analysis, immuno-fluorescence and in vivo transmigration assays.
While circulating T-cells evidenced a heterogeneous DNA
assembly, in vitro activation resulted in marked redistribution of
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DNA assembly. In addition, the heterogeneous DNA patterns in
circulating T-cells exhibited differential transmigration and
activation efficiency.
Results
To study spatio-temporal transitions in chromatin assembly
during T-cell development, cells were isolated from different
lymphoid organs of mice including the bone marrow (BM), thymus
(Thy) and naı¨ve T-cells from spleen. Time lapse imaging of these
cells obtained from H2B-EGFP transgenic mice were used to
assess the physical plasticity of nucleus [23,24,25]. Time series of
mean square fluctuation [,(dr)2.=S(dri)
2/N] of the nuclear
radius was computed over all angles from the centroid position,
using a custom written LabVIEW program. In these experiments,
bone marrow cells exhibited large-scale fluctuations in nuclear
envelope, whereas thymocytes showed intermediate and naı¨ve T-
cells were characterized by highly diminished fluctuations
(Figure 1a and b, movies S1, S2, S3). These fluctuations arise
due to both nuclear and cytoskeletal dynamics. The structural
transitions in nuclear plasticity during T-cell development are
consistent with earlier reports [23,24,25].
We then visualized DNA using the DNA binding dye Hoechst
33342 in cells isolated from different lymphoid organs of mice.
Lineage negative hematopoietic stem cells (HSC) isolated from
bone marrow, double-positive CD4+CD8+ (DP) and single-positive
CD4+CD82 (SP) thymocytes (Figure S1), and CD4+ naı¨ve and
memory T-cells showed distinct patterns of condensed DNA
distribution (Figure 1c). The distribution of DNA patterns was
quantified manually through field images (Figure S2(i)). Indepen-
dently, this was confirmed with other nucleic acid binding dyes
namely propidium iodide (PI) and Sytox green (Figure S2(ii)).
Staining patterns of Heterochromatin binding Protein 1 (HP1a)
overlapped with that of condensed DNA confirming the latter to
be heterochromatin. HSCs have preferential organization of
condensed DNA towards the nuclear centre and less in the
periphery. This central DNA pattern is also pronounced in DP
and SP thymocyte subsets (89% and 85% respectively). However,
naı¨ve and memory subsets in circulation were marked by
heterogeneity in DNA organization, with only 53% naı¨ve and
40% memory cells presenting the central pattern (Figure 1d).
CD8+ naı¨ve T-cells also exhibited similar heterogeneity in DNA
patterns (Figure S2(iii)). T-cells derived from blood also exhibited
heterogeneity in DNA assembly patterns similar to that of splenic
naı¨ve T-cells (Figure S2(iv)).
To test if the heterogeneity in DNA patterns influences early
activation and gene expression, naive T-cells were activated in vitro
with surrogate antigens, aCD3-aCD28 coated beads. 70% of cells
with central DNA patterns showed up-regulation of CD69, an
early activation gene [26], at both 1 and 3 hours post-activation
(Figure 2a). To establish in vivo functional significance of
Figure 1. Transitions in nuclear plasticity during T-cell development. a) Representative time series from live-cell imaging of the nuclear
boundary in bone marrow, thymocytes and naı¨ve T-cells from H2B-EGFP mice. b) Standard deviation (SD) of mean square fluctuation about the
nuclear radius in bone marrow derived cells, thymocytes and naı¨ve T-cells (n = 10 cells each). Error bars are SD. c) Representative images of nuclei
stained for DNA pattern with Hoechst 33342 in cells isolated from bone marrow, thymus and spleen. Scale bar 2 mm. d) Quantitative plot scoring for
the two different DNA patterns in field images for single positive (SP) and double positive (DP) thymocytes, naı¨ve and memory T-cells (n = 1000 cells
each). Error bars are standard error.
doi:10.1371/journal.pone.0043718.g001
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heterogeneous DNA patterns, mice were challenged with the
superantigen Staphylococcus enterotoxin A (SEA) and the SEA
reactive Vb3+ subset of T-cells tracked for early evidence of
activation by up-regulation of CD69. Interestingly, the in vivo
challenge replicated the observation of faster activation of cells
with the central pattern of DNA as evident by CD69 expression on
these cells (Figure S3). This observation is in concert with the in
vitro activation data. CD69 expression is regulated via NF-kB [27],
hence we tested if cells with central DNA pattern were poised for
transcription of CD69. Immuno-fluorescence analysis of cells
stained for NF-kB revealed that 15–20% cells stained for levels
above full-width at half maximum. Interestingly, this population
was enriched for cells with the central pattern of DNA (Figure 2b
and Figure S3). Collectively, these experiments suggest a possible
correlation between sub-nuclear chromatin organization, NF-kB
levels and CD69 expression.
Since peripheral T-cells present large scale changes in gene
expression within 48 hours after encountering antigens [28],
therefore we assessed the structural transitions, if any, in DNA
patterns during activation. The heterogeneous patterns of DNA in
naı¨ve T-cells were markedly reduced upon activation, with 88%
activated cells presenting centrally located DNA (Figure 3a).
Activation of T-cells was confirmed by staining cells for expression
of activation markers- CD69 and CD25 (Figure S4(i)). Activation
protocols using either the co-stimulatory molecule CD134, or
maleylated ovalbumin as the antigen to activate OT-II transgenic
T-cells, also resulted in similar reorganization of DNA (Figure
S2(ii)). Figure S4(ii) shows the fraction of cells in various stages of
cell-cycle following aCD3-aCD28 activation after 48 hours
suggesting that these transitions in DNA patterns were not an
outcome of cell cycle distribution. T-cell activation and subsequent
quiescence were also marked by changes in nuclear size, which
were quantified using a custom written LabVIEW program for 3D
reconstruction of confocal z-stacks (Figure 3b). Time-course
kinetics experiments revealed concomitant changes in nuclear size
and DNA organization during T-cell activation (Figure 3b inset).
The activation of T-cells was accompanied with repositioning of
peripheral DNA pattern towards the center and hence we next
Figure 2. Functional correlations between DNA patterns and
transcriptional activity in T-cells. a) Representative images of CD69
staining and DNA and graph showing fraction of activated cells
expressing CD69 and having central or peripheral DNA pattern. Error
bars are SD. b) Yellow and white arrows point to cells with peripheral
and central patterns of DNA, respectively. Naive T-cells were stained for
NF-kB, counterstained with Hoechst 33342 and imaged. Representative
confocal images from a minimum of 300 cells analyzed. Scale bar 2 mm.
The graph shows the fraction of cells with the two different DNA
pattern in the three conditions. Data from a minimum of 38 cells are
plotted as mean 6 SD from two independent experiments. Cells
included for analysis were selected as described in text. b).
doi:10.1371/journal.pone.0043718.g002
Figure 3. Higher order chromatin reorganization during in vitro
T-cell activation. a) Representative images of naı¨ve cells and 48 hours
post activation (D2) cells stained with Hoechst 33342. Scale bar 2 mm.
Quantitative plot scoring for the two different DNA patterns in field
images for naı¨ve and activated cells (n = 1000 cells each). b) Nuclear
volume (mm3) calculated from 3D reconstruction of confocal z-stack
images of nuclei (n = 50 cells each). Inset- nuclear volume (mm3) for
naı¨ve cells getting activated from 0–48 hours. Right hand side shows
gradual changes in DNA pattern in naı¨ve T-cells at various time points
post-activation. Numbers indicate the hours post-activation of cells.
Scale bar 5 mm. c) Representative images of activated (D2) cells and
activated cells maintained in culture for 5 more days in IL-7 (D7) stained
with Hoechst 33342. Scale bar 2 mm. Quantitative plot scoring for the
two different DNA patterns in field images for activated and D7 cells
(n = 1000 cells). Error bars indicate SE in all panels.
doi:10.1371/journal.pone.0043718.g003
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probed if reorganization of DNA patterns accompanies the
induction of quiescence in these cells. For this, activated cells
were induced to quiescence by maintaining them in IL7 for five
days (D7 cells). These cells exhibited the reemergence of
heterogeneity; with 45% of the cells presenting the central DNA
pattern in contrast with 88% in activated cells (Figure 3c). In
contrast with naı¨ve T-cells, flow sorted SP thymocytes stimulated
with aCD3-aCD28 coated beads maintained their central DNA
patterns and subsequent induction of quiescence in 85% of cells
(Figure S4(iii)). Alterations in DNA patterns were not a
consequence of manipulations in cell culture, since patterns of
DNA assembly remain unchanged following extended culture of
un-stimulated SP thymocytes (85% central) or naı¨ve T-cells (53%
central) in IL7 (Figure S4(iii)). These experiments suggest that SP
cells when stimulated did not alter their DNA patterns while naı¨ve
T-cells when activated presented with a more homogenous DNA
pattern. However, when naı¨ve T-cells were maintained in culture
without activation, the patterns remained unchanged. In addition,
D2 cells maintained in culture until D7, showed the re-emergence
of heterogeneity in DNA patterns. The central and peripheral
patterns of heterochromatin in cells so rested were similar to those
observed in naive and memory cells.
Post-translational modifications play a central role in regulating
structural compaction of chromatin and thus genome function
[29,30]. The N-terminal tails of core histone proteins are sites for a
variety of modifications including acetylation, phosphorylation
and methylation [31]. To test if reorganization of the peripheral
DNA and the nuclear volume increase in activated T-cells was
correlated with histone modifications, core histone acetylation
(H3Ac, H3K9Ac) and methylation (H3K4me2, H3K27me3,
H3K9me) were quantified using immuno-fluorescence and flow
cytometry (Figure S5(i)). The trend in MFI values that we observe
for histone stains were similar to that of the background,
suggesting that accessibility of chromatin to primary antibodies
were sensitive to stages of development, in agreement with a recent
report [32]. This recent report establishes aspects of chromatin
reorganization during T-cell differentiation. Importantly, their
results highlight the significance of chromatin decompaction
during T-cell activation. Figure S5(ii) also reveal differences in
chromatin staining by either H3Ac or HP1a antibodies in naı¨ve
and activated cells. While activated T-cells were permissive to both
antibodies, naı¨ve T-cells stained with only H3Ac, consistent with
the chromatin accessibility findings reported recently [32].
Further, peripheral nuclear regions showed an enhanced staining
for H3Ac in activated cells (Figure S5(iii)). These results suggest
that the spatial distribution of activation and repressive marks on
histones correlated with the re-organization of chromatin assem-
bly. Supporting this, addition of Histone Deactylase inhibitor
(TSA) during activation inhibits the reorganization of chromatin
structure (Figure S5(iii)). The variations that we report in post-
translational modifications through T-cell differentiation suggest
that changes in nuclear volume during differentiation could also
possibly result in increased chromatin accessibility.
Consistent with the fact that condensed chromatin moves
towards nuclear centre in activated cells, radial positions of
candidate gene active chromosomes moved towards the nuclear
periphery (Figure S6(i)). These chromosomes (1, 3, 4 & 17) were
chosen as they harbor ,30% of differentially expressed genes
related to T-cell activation obtained from the differential gene
expression profile (Figure S6(i), Table S1). Since only a fraction of
cells (,33%) enter cell cycle (Figure S4(ii)) following T-cell
activation, we speculate that changes in spatial distribution of
histone acetylation, and the cytoskeletal network may also
contribute to the observed increase in nuclear volume. Supporting
this, the microarray analysis shows that several of the up-regulated
genes code for cellular architectural proteins (Figure S6(ii)).
Further, we tested if large-scale chromatin reorganization results
in rearrangement at the scale of gene clusters. For this,
chromosome conformation capture (3C) [33] assay was carried
out on a candidate histone gene cluster on genomic DNA isolated
from thymocytes, naı¨ve and activated T-cells. The histone cluster
was chosen due to its large size. This cluster is present on
chromosome 13 in a 2.2 Mb region as five patches of histone
genes interspersed with patches of non-histone genes and matrix
attachment regions [34] (Figure S7(i–iii)). Figure S7(i) shows the
reorganization histone gene cluster in thymic, naı¨ve and activated
T-cells. Interestingly, the expression profile of histone H3 gene
also changes with development. Real Time PCR experiments
revealed that the levels of the total H3 mRNA is 1.5 fold higher in
thymocytes compared to CD4+ naı¨ve cells and 1.7 fold in activated
T cells (Figure S7(iv)). Expression mapping of a candidate
transgenic gene, H2B-EGFP, also revealed differences in levels
during T-cell development (Figure S7(iv)). These results suggest
that, in addition to large-scale chromosome movements, individual
gene cluster reorganization impinging on gene expression accom-
pany T-cell development.
Cellular transmigration [35] is an essential step during T-cell
development where cells in circulation enter and exit from tissue
spaces that require mechanical pliability of the cell nucleus. Since
our results evidenced heterogeneous DNA patterns in naı¨ve T-
cells, we next studied the mechanical responses of the cell nucleus
to applied compressive load [36]. Naı¨ve T-cells were subjected to
compressive loads (,1 nN) to test their mechanical pliability as
shown in the schematic (Figure 4a). Computing the ratio of the
long axis to short axis for individual cells assessed changes in the
nuclear morphology. The micrographs in Figure 4a are represen-
tative images of control cells and those experiencing load.
Interestingly, while there were no differences noted in the aspect
ratio of control cells, application of force resulted in increased
nuclear deformation in cells with central DNA pattern. The data
shows the fraction of cells that demonstrate an aspect ratio of 1.2
or greater in both conditions. While in control cells either DNA
patterns were present in equal number, cells upon deformation
following the application of load comprised approximately 40%
with central and 10% with peripheral DNA patterns (Figure 4a,
Figure S8(i–ii)). However, increasing the load to,2 nN resulted in
comparable nuclear deformations in cells with both DNA patterns
(Figure S8(i)), revealing a mechanical bandwidth in nuclear
deformations based on DNA packaging. Since nuclear deforma-
tion facilitates cellular transmigration, we next assessed if
heterogeneity in DNA patterns of naı¨ve T-cells impinged on
tissue entry in vivo. GFP+ naı¨ve T-cells were adoptively transferred
into congenic hosts and recovery of GFP+ cells tracked in host
spleen and lymph nodes at different times points after transfer
(Figure 4b and Figure S8(i)) [37,38]. Consistent with the
differential response to compressive load in the in vitro assay, cells
with central DNA patterns predominated in the GFP+ populations
that had entered lymph node and spleen. At 15 hours, almost 80%
of the cells were enriched in this category (Figure 4b). The
micrographs in Figure 4b are representative images of GFP+ cells
recovered from host tissue. This differential filtering of cellular
transmigration to the tissue was maintained even at 72 hours
(Figure S8(i)). However, at later time points (7 days after transfer)
cells with both DNA patterns were recovered at comparable
fractions. Consistent with this data, when we looked at the GFP+
cells in blood, cells with peripheral DNA patterns were enriched
after 15 hours of adoptive transfer and by 7 days both patterns
were observed in comparable fractions in blood (Figure S8(iii)).
Transition in DNA Packaging in T-Cell Development
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These results highlight the functional importance of the inherent
structural heterogeneity in DNA patterns in circulating naı¨ve T-
cells, as these cells are mechanically more pliable and exhibit
higher transmigration efficiency.
Discussion
Taken together our results reveal the functional importance of
structural plasticity in chromatin assembly inherent in the
processes of cellular differentiation [23,24,39]. T-cell development
is marked by a reduction in the structural plasticity of the nucleus.
We report for the first time, to our knowledge, the emergence of
an unusual heterogeneity in higher order chromatin organization
and describe two characteristic patterns of DNA assembly in the
T-cell lineage. Unexpectedly, mature cells in circulation, exhibit
peripheral or central patterns of organization of DNA. Signifi-
cantly, our experiments reveal that these distinct DNA patterns
correlated with differential mechanical responses to applied loads.
Thus, cells with central DNA patterns yielded more easily than
cells with the peripheral pattern to the same applied force.
Importantly, the differential nuclear responses to a mechanical
stimulus, correlated with the efficiency of transmigration of cells
into peripheral lymphoid organs in vivo. The data suggests that cells
with the central pattern of DNA are better poised for tissue entry
compared to cells with the peripheral DNA pattern. Thus nuclear
deformations, determined by DNA packaging patterns, may
facilitate tissue entry.
Furthermore, our results show that DNA patterns also
correlated with higher levels of NF-kB and early activation
markers suggesting that subsets of T-cell population marked by
mechanical pliability may be kept transcriptionally poised for
subsequent functions in tissues. We also describe global rear-
Figure 4. Nuclear deformation response and transmigration properties in T-cells. a) Schematic of experimental design. Representative
images of nuclei stained for DNA pattern with Hoechst 33342 in naı¨ve T-cells without (Control) and with compressive load (Load). Scale bar 5 mm.
Graph shows the quantitative plot scoring for the two different DNA patterns in field images in naı¨ve T-cells without (Control) and with compressive
load (Load) for increase in aspect ratio (n = 500 cells each). Error bars are SD. b) Representative field-views of cells isolated from spleen (SPL) and
lymph node (LN) 15 hr post adoptive transfer of GFP+ naı¨ve T-cells. Graph shows mean 6 S.D of fraction of GFP+ cells with the two different DNA
patterns in host spleen and lymph node from three independent experiments. n = 150 per experiment.
doi:10.1371/journal.pone.0043718.g004
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rangements in chromatin packaging during the processes of T-cell
activation and during progression to quiescence. While naive T-
cells have central and peripheral DNA patterns, T-cell activation is
marked by redistribution of DNA assembly to the nuclear center.
Induction of quiescence revealed an unexpected structural
plasticity with the reemergence of heterogeneous DNA patterns
as seen in circulating T-cells. Interestingly CD4+ SP thymocytes,
upon activation and their subsequent quiescence in culture,
maintain their central DNA patterns. However the DNA
organization remains unchanged, when thymocytes or naı¨ve T
cells are kept in culture without activation, suggesting that DNA
reorganization is a hallmark of mature T-cell activation and
induction of quiescence.
The process of T-cell activation was also coupled with scale-
dependent reorganization of higher order chromatin assembly
converging on alterations in spatial distributions of histone
modifications and gene expression. Significant reduction in
peripheral DNA patterns in activated T-cell populations is in
consonance with gene active chromosomes residing in the nuclear
periphery. The plausible mechanisms for repositioning of hetero-
chromatin can be either movement of chromosomes or by changes
in the dynamic association of the nuclear architectural proteins
with chromatin. This re-organization in DNA assembly was found
to correlate with spatial redistribution of histone acetylation
facilitating radial movements of gene active chromosomes and the
global gene expression patterns. Figure 5 shows a schematic that
summarize our findings. Importantly, circulating cells in blood
exhibited heterogeneity in DNA assembly patterns very similar to
splenic T-cell population. Further, the in vivo activation of T-cells
with super-antigens established the functional significance associ-
ated with the heterogeneity in DNA assembly patterns (Figure S3).
The emergence and functional transitions in DNA patterns
during T-cell development and differentiation appears to be
optimized for cellular transmigration and genome function. Since
circulating T-cells transmigrate and egress to and from tissue
environments, the differences in DNA patterns may provide
differential nuclear pliability for these processes. In addition, gene
expression is strongly coupled to 3D chromatin structure, and our
observations of heterogeneity in DNA packaging may poise subset
of cells for distinct genetic outputs.
Materials and Methods
Ethics statement
All experiments involving animals were performed with the
approval of the Institutional Animal Ethics Committee at NCBS,
Bangalore headed by Prof. Mathew with the help of Professors
Upinder Bhalla, Sumantra Chatterjee, MM Panicker and R.
Sowdhamini. Approval ID for the project is AS-5/1/2008.
Mice
All experiments used C57/Bl6, transgenic B6.Cg-Tg
(Hist1H2BB/EGFP) 1Pa/J or C57BL/6-Tg (TcraTcrb)
425Cbn/J mice (Jackson Laboratories, Bar Harbor, Maine). Mice
were bred and maintained in the NCBS animal house facility.
Appropriate cell populations from bone marrow, thymus or spleen
were isolated using fluorescence-activated cell sorting and mag-
netic separation. All experiments involving animals were per-
formed with the approval of the Institutional Animal Ethics
Committee at NCBS, Bangalore.
Cell purification and characterization
Hematopoietic Stem cells (HSCs) and CD4+ naı¨ve and memory
T-cells were isolated using MagCellect kits (R&D Systems) from
bone marrow and spleens, respectively, of 6 to 8 week-old mice.
Thymocytes were obtained by dissociating thymuses. For some of
the experiments, CD4+ SP cells were flow sorted after staining with
aCD4 and aCD8 antibodies. Whole blood was collected from the
heart into PBS containing 30 U/ml heparin. RBCs were removed
by centrifugation over histopaque. The cells of interest were
identified by staining for characteristic cell surface markers (Figure
S1); HSC (Lin2Sca-1+CD117+) and Lin2Sca-1+CD1172 [3],
CD4+CD8+ thymocytes and CD4+ naı¨ve (CD62LhiCD44lo) and
CD4+ memory (CD62LloCD44hi). The antibodies to various cell
surface markers were obtained from eBioscience, CA and BD
Biosciences.
Figure 5. Schematic depicting the various stages in T-cell development and the observed differences in the nuclear organization.
doi:10.1371/journal.pone.0043718.g005
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T-cell activation
Naı¨ve T-cells were stimulated with beads coated with antibodies
to CD3–CD28 (Dynal, Norway) or in some experiments with
plate-bound anti-CD3 (1 mg/ml, clone 2C11; R&D Systems) and
soluble anti-CD28 (1 mg/ml; BD Biosciences) or anti-CD134
(5 mg/ml, eBioscience). At the end of 48 hrs cultures, beads were
removed by magnetic separation, and Day 2 activated T-cells were
used for experiments or continued in culture with 10 ng/ml IL-7
(R&D Systems) for 5 days to induce quiescence.
For in vivo activation, mice were challenged with 200 ng SEA via
tail vein injections. After 5 hours, draining lymph nodes were
isolated and cells stained with aVb3 and aCD69 for 30 minutes
on ice; counterstained with Hoechst 33342 followed by analysis
using confocal microscopy.
Force application protocols
Freshly isolated naı¨ve T-cells (106) were stained with Hoechst
33342 to mark DNA and plated on cover-slip dishes in 20 ml
culture media and allowed to settle for 5 mins. Force was applied
using a metallic O-ring weighing 140 mg stuck to a 13 mm round
cover slip deposited gently on the cells. Two magnitudes of force (1
and 2 nN/cell) were applied. Cells were allowed to settle for
15 mins after application of force and imaged using confocal
microscope.
Adoptive transfers
CD4+ naı¨ve cells (106106) isolated from GFP transgenic mice
were injected into the tail veins of congenic SJL/Bl6J mice. Cells
were recovered from draining lymph nodes and spleen of the host
mice at different time points (15 hours, 72 hours and 7 days) post
injection. Cells were fixed with 2% PFA and stained with Hoechst
to mark DNA and imaged by confocal microscopy. GFP+ cells
were analyzed for DNA patterns.
Immuno-staining and flow cytometry
Cells (106) were washed with PBS and fixed with 1% PFA for
20 min, washed twice with PBS, permeabilized with 0.2% NP-40
for 5 mins and washed again twice with PBS. The permeabilized
cells were blocked with 10 mg/ml BSA (Sigma Aldrich, MO) in
PBS (block) for 1 hr at room temperature (RT). Primary and
secondary antibodies were diluted in block and sequentially
incubated for 1 hr at RT followed by washes with block. Following
antibodies were used: H3Ac, H3K27me3, H3K9Ac, H3K9me and
H3K4me2 (1:100 dilution, Upstate) HP1a(1:200 dilution, Upstate),
Lamin B1 (1:1000 dilution, Abcam), NF-kB p65 (1:50 dilution,
Santa Cruz). Secondary antibodies were Alexa488 labelled a-
rabbit IgG and a-mouse IgG (1:500 dilution, Invitogen, CA).
Hoechst 33342 (Sigma) was used to visualize DNA. Histone
stainings were quantified by flow cytometry in cells in the gate of
interest. Flow cytometry data was acquired using a Cyan (Dako)
flow cytometer.
Chromosome painting
For chromosome painting experiments, cells were stuck on PDL
coated slides followed by fixation in 4% PFA for 10 minutes. PFA
was neutralized with 0.1 M TrisCl and then the cells were washed
and permeabilized with 0.5% Triton X-100 for 8 minutes. This
was followed by incubation in 20% glycerol for 1 hour and 5 or 6
freeze-thaw cycles in liquid nitrogen. After this, cells were treated
with 0.1 N HCl for 10 minutes, washed and equilibrated in 50%
Formamide/26 SSC overnight at 4uC. For hybridization cells
were denatured in 70% formamide/26 SSC at 85uC for
2 minutes and incubated with the respective chromosome paint
(Cambio, Cambridge) for 2–3 days in a moist chamber at 37uC
with shaking. At the end of the incubation period, slides were
washed thrice each in 50% Formamide/26 SSC at 45uC and
0.16SSC at 60uC. Cells were counterstained with Hoechst 33342
and mounted with Vectashield (Vector Laboratories, CA), sealed
with coverslip and imaged on a Zeiss 510-Meta confocal
microscope. 3D centroid positions (x, y, z) of the chromosome
territories [40] were used to calculate the radial distance
(Rc~
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2zy2zz2
p
) and normalized with respect to nuclear
radius to account for the change in nuclear size of activated cells.
Confocal imaging
A Zeiss (LSM510-Meta) fluorescence microscope was used in
our experiments. Imaging was carried out using C-Apochromat
63X/1.4 N.A oil immersion objective with identical acquisition
settings. EGFP tagged proteins and Alexa488 were excited with
the 488 nm line of an Argon-ion laser (Lassos) and emission
collected with a 500–530 nm band pass filter. The fluorophores
PE and PECy5 were excited using 543 nm and 633 nm laser line
and collected using 560–615 nm band pass and 650LP filters,
respectively. 8 bit images of size 5126512 pixels were acquired
with optimal pinhole aperture sizes and z-step size of 500 nm.
Chromosome conformation capture (3C)
Chromosome conformation capture assay was done following the
previously reported protocol [33]. Briefly, cells (56104) were fixed
with 4% PFA for 10 mins at RT, followed by neutralization with
0.125 M glycine at 4uC. Cells were washed once with cold PBS and
re-suspended and incubated in cold lysis buffer (10 mM Tris, pH 8,
10 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA, protease inhibitor
cocktail and PMSF) for 10 min at 4uC. Chromatin obtained was
digested overnight with XhoI enzyme (NEB) at 37uC. Subsequently
it was diluted 10 fold and ligated at 16uC overnight. Next proteinase
K and RNase treatments were done and finally DNA was
precipitated using 3 M NaCl. PCR was carried out with each of
the forward primer and the reverse primers of all the downstream
sites. The presence of PCR product indicated interaction between
two restriction sites. 3C control experiments are shown in Figure
S7(ii) which include 1) PCR of genomic DNA without crosslinking,
digestion and ligation, 2) PCR of Xho I digested genomic DNA
without crosslinking and ligation, 3) PCR of Xho I digested DNA
without crosslinking but with ligation and 4) PCR of crosslinked and
Xho I digested DNA without ligation. Since the PCR product sizes
were very large in our experiments, we based our analysis and
model according to position of restriction sites, instead of standard
crosslinking frequency analysis [33].
Microarray analysis
Microarray experiments were carried out by Genotypic (India).
Duplicate experiments were done for both naı¨ve and activated T
cells. RNA extraction was done using RNeasy Minikit (Qiagen)
and RNA concentration and purity were determined using
NanodropH ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE) and the integrity of RNA verified on an
Agilent 2100 Bioanalyzer using the RNA 6000 Nano LabChip
(Agilent Technologies, CA). Equal amounts of RNA was labeled
using Agilent dye Cy3 CTP and hybridized to Mus musculus
GeneExpression Array 4X44K (AMADID -014868). The slides
were scanned using Agilent Microarray Scanner G2505 version C
at 2 mm resolution, and data was extracted from images using
Feature Extraction software v 9.5 of Agilent. Mean expression of
each gene was calculated by taking an average of all background
corrected probes for the same gene. Differentially expressing genes
were selected by choosing genes that were more than 10 FWHM
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(Full Width at Half Maxima) away in the difference histogram
between naı¨ve and activated T cells. Genes with the terms
‘cytoskeleton’, ‘actin’, ‘microtubule’ or ‘intermediate filament’, in
Gene Ontology were classified as cytoskeletal. Genes located on
chromosomes 1,3,4 and 17 were used to plot the chromosome
specific differential gene expression in naı¨ve and activated T-cells.
The microarray data is MIAME compliant and accessible on
GEO website (http://www.ncbi.nlm.nih.gov/geo/; accession
number GSE30196).
Real-time PCR
Total RNA was isolated from thymocytes, CD4+ naı¨ve T cells
and activated T cells and quantified. 500 ng of RNA from each
was used for cDNA synthesis. cDNA synthesis was carried out at
37uC for one hour with random-primed reverse-transcription with
M-MuLV Reverse Transcriptase (Bangalore Genei, India). Real
time PCR was carried out with the qPCR MasterMix Plus for
SYBR Green I No. ROX, Ref RT-SN2X-03+NR (Eurogentec)
using ROTOR-GENE RG 3000 (Corbett Research). PCR was
carried out in triplicates for two dilutions and average Ct value was
calculated for H3. 18S rRNA was used as loading control. Fold
change in H3 mRNA was calculated from the Ct values.
Data analysis
To quantify the fluctuation of the nuclear boundary, time-lapse
imaging of H2BEGFP nuclei was done in different cell types and
LabVIEW routine was used for edge detection and to find the
nuclear radii at different angles in 1u intervals (from 0u to 359u)
from its centroid. Mean square changes of the nuclear radius over
all the angles, in different time points were used to quantify
fluctuation of the nuclear boundary. Change in the nuclear radii
(dri) at any time point (t) at angles i (i = 0u, 1u, 2u,..359u) compared
to the radii at t = n21 at the respective angles, were numerically
calculated. The mean square fluctuation [,(dr)2.=S (dri)
2/N] in
the nuclear radii over all angles was plotted at different time points
to compute the membrane fluctuation time series. For the analysis
of the aspect ratio, cells experiencing compressive load were
analyzed for their aspect ratio (ratio of length of the long/short
axis). The length of the long and short axis for each cell was
obtained as the major and minor axis of the best fitted ellipse using
Image J software. Statistical Analysis for all data in bar graphs is
presented as mean6SE or SD derived from a minimum of three
independent experiments. Statistical significance was calculated
using two population student t-test.
Supporting Information
Figure S1 Characterization of surface markers for bone
marrow and thymic cells. a) Lineage deprived bone marrow
cells were stained for HSC surface markers- Sca-1 and CD117.
Representative flow plots showing the expression of these markers
are shown. Sca-1a and Sca-1b populations were defined based on
slightly different expression of Sca-1. Red- unstained, green- HSC,
blue- Sca-1a, pink- Sca-1b. b) MFI averaged from three
experiments for the surface markers as specified is plotted. The
levels of Sca-1 and CD117 are significantly different in these
populations. SE is plotted. c) Representative flow plots showing the
expression of surface markers CD4 and CD8 in thymocytes. Red-
unstained, green- DP thymocytes, blue- CD4 SP thymocytes. d)
MFI averaged from three experiments for the surface markers as
specified. Expression of CD4 is similar in DP and CD4 SP
thymocytes, but the expression of CD8 is significantly reduced on
CD4 SP thymocytes. SE is plotted.
(PDF)
Figure S2 Confirmation of heterochromatin patterns in
T-cells by labelling various markers. (i). Representative
field images of nuclei in thymocytes, CD4 naı¨ve and memory cells,
and activated T cells, showing the two different condensed DNA
patterns observed during different stages of T cell differentiation
by Hoechst staining. Central plane of the z-stack is shown. Central
or peripheral pattern of DNA were counted from several such
images. Scale bar 5 mm. (ii). a) Confirmation of DNA pattern in T
cells was done by staining the cells with different nucleic binding
dyes. Activated cells were treated with RNase A for 30 minutes,
then stained with propidium iodide or sytox green. These dyes
show co-localization with DNA stained with Hoechst. b) DNA that
is stained brightly with Hoechst 33342 is also positive for HP1a, a
heterochromatin binding protein. c) Naı¨ve T cells were activated
with aCD3-aCD134, a TNFR family co-stimulator molecule, or
splenocytes from OT-II TCR transgenic mice were activated with
maleylated ovalbumin for three days. T-cells were labelled by
staining with aThy1.2, and the DNA imaged. The pattern of DNA
organization is similar, irrespective of the kind of stimulation given
to cells. Scale bar 2 mm. (iii). a) Plot indicating the two types of
DNA patterns observed in CD8+ naı¨ve T-cells (n = 230 cells each).
(iv). a) Analysis of heterochromatin pattern in T-cells from blood:
Representative images of nuclei stained for DNA pattern with
Hoechst 33342 in cells isolated from blood which are positive for
surface markers: CD4 (red) and CD62L (green). Scale bar 5 mm. b)
Quantitative plot scoring for the two different DNA patterns in
field images for cells isolated from blood which are stained positive
for CD4 and CD62L. For comparison, naı¨ve cell data from spleen
cells is also shown. Error bars are standard error.
(PDF)
Figure S3 Heterogeneity in DNA patterns influences
early activation and gene expression. a) Representative
images of nuclei stained for DNA pattern with Hoechst 33342
(blue) in cells isolated from lymph node of mice challenged with
SEA for 5 hrs, which are positive for Vb3(green) and CD69(red).
Scale bar 5 mm. Quantitative plot scoring for the two different
DNA patterns in field images for Vb3+ T cells and stained positive
or negative for CD69 (n= 152). Error bars are standard deviation.
b) Naı¨ve T-cells were stained for NF-kB, counterstained with
Hoechst and imaged. Representative confocal field views are
shown. Scale bar 5 mm. The plot on right side highlights the cells
that were above full width at half maxima. Only those cells were
included in analysis of DNA pattern.
(PDF)
Figure S4 Characterization and analysis of heterochro-
matin patterns in activated T-cells. (i). Naı¨ve T-cells were
activated for 48 hours with aCD3-aCD28 antibody coated eads in
absence (D2) or presence of TSA (TSA treated D2 cells). Cells
were then stained with aCD69 or aCD25 to confirm activation
with the antibody coated beads. Histone deacetylase inhibitor TSA
was used as an additional control to assess the role of chromatin
perturbation and T-cell activation. (ii). Cell cycle analysis for day 2
activated cells. G0–G1, S and G2 phase have 56.9%, 18.49% and
14.7% cells, respectively. Less than 50% of cells have entered cell
cycle. (iii). a) Representative images and quantitative plot scoring
for the two different DNA patterns in field images for single
positive (SP) resting, activated and D7 thymocytes (n = 100 cells).
b) Representative images of naı¨ve and SP thymocytes maintained
in IL-7 for 4 days and the plot indicating the differences in DNA
patterns (n = 50 cells each).
(PDF)
Figure S5 Histone modifications changes during T-cell
development. (i). MFI data and representative flow plots
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showing the histogram of H3Ac, H3K4me2, H3K9Ac, H3K9me,
H3K27me3 and background staining (inset) in T–cell subsets from
bone marrow (BM), thymus, and spleen. The MFI plots for the
various histone antibodies were calculated by subtracting the
background control values obtained in the respective population.
The levels of these modifications (including background) change
during differentiation, being higher in bone marrow cells but lower
in thymic cells and increasing again during T-cell activation. (ii).
Collage of H3Ac staining in a) naı¨ve T-cells b) activated cells and
c) rabbit secondary antibody control images. Scale bar 5 mm.
Collage of images showing HP1a staining in d) naı¨ve cells and e)
activated cells. Scale bar 2 mm. (iii). a) H3Ac staining (green) in
naı¨ve and D2 cells, DNA counterstained with Hoechst (red)
showing the spatial reorganization of H3Ac. b) Representative
DNA images of CD4+ naı¨ve T-cells activated for 48 hours with
aCD3-aCD28 antibody in presence of 10 nM TSA. Scale bar
2 mm. c) Quantitative plot scoring for the two different DNA
patterns in field images of naı¨ve and TSA treated (5 nM, 10 nM)
or control activated T cells (T48TSA0) (n = 1000 cells each).
(PDF)
Figure S6 Chromosomal positions and gene expression
analysis in naı¨ve and activated T-cells. (i). a) Normalized
average distance of centroid of chromosomes from the nuclear
centroid (n = 70). Inset- z-projection of DNA (blue) and chromo-
some paint for chromosome pair 1 (green) and 4 (red). Upon
activation, chromosome 1 repositioned towards the nuclear
periphery (0.86) as compared to the naı¨ve cells where it was
present at 0.76 relative to the nuclear centroid. Chromosomes 3, 4
and 17 also repositioned to more peripheral positions during T-cell
activation. Scale bar 2 mm. b) Colour graph representing
expression of genes on four candidate chromosomes in naı¨ve
and activated cells as observed by microarray data. Darker shades
represent lower intensity; lighter shades represent higher intensity.
(ii). a) Cytoskeleton is an important component in maintaining cell
shape and size, and T-cell activation is accompanied by an
increase in cell and nuclear size. Differential expression of
cytoskeleton related genes in naı¨ve and activated (D2) cells as
analyzed by microarray. Higher expression of most cytoskeletal
genes by activated cells probably explains the higher nuclear
volume of those cells. Gene names are given on the left side.
Cooler colors represent lower expression value; warmer colors
represent higher expression value. b) Microtubules were stained by
a-tubulin antibody and z-stacks were acquired. Shown in the
image are z-projections of microtubule staining in naı¨ve and
activated T cells. Scale bar 2 mm. Staining for lamin B1, major
component of nucleoskeleton, appears similar in naı¨ve and
activated cells, however, it appears indeted in naı¨ve cells but
smooth and continuous in activated cells. Scale bar 5 mm.
(PDF)
Figure S7 3C analysis of histone gene cluster during T-
cell development. (i). A) Map of histone cluster I on
chromosome 13. The rectangles show the position and size of
each patch of histone genes in the cluster. The down arrows
indicate the position of Xho I sites selected. The short horizontal
arrows show the position of the primers used. The thick red arrows
show the positions of the H3 genes within the cluster. The circles
show the sites considered in the schematic of the association of the
H3 genes. B) PCR for 3C for the histone gene cluster in mouse
cells with different primer combinations, T: thymocyte, N: Naı¨ve
and D: D2 activated T cells: Lanes 1,18: 1 kb DNA Ladder; 2:
control 1 (without crosslinking, digestion and ligation); lane 3:
control 2 (without crosslinking and ligation); lane 4: control 3
(without crosslinking); lane 5: control 4 (without ligation); Lane 6,
7, 8: Primers 1 and 5; lane 9, 10, 11: Primers 2 and 5; lane 12, 13,
14: Primers 2 and 17; lane 15,16, 17: Primers 1 and 3. C) Lane 1,
15: 1 kb ladder; lane 2–5: controls; lane 6,7,8: primers 5 and 6; lane
9,10,11: primers: 5 and 9; lane 12,13,14: primers 5 and 17. D)
Cartoon depicting the associations of encircled regions in schematic
in panel A in thymocytes, CD4+ naı¨ve and activated T cell. (ii). 3C
control experiments: with different primer combinations. A: 1–16:
2crosslink, 2digesion, 2ligation, lane 17: 1 kb ladder. B: 1–7:
crosslink, 2digesion, 2ligation; 8, 18: marker, 9–17: 2crosslink,
+Xho I, 2ligase. C: 1–12: 2crosslink, +Xho I, 2ligase; 13–16:
2crosslink, +Xho I+ligase, 17: marker. D: 1–17: 2crosslink, +Xho
I+ligase, 18 marker. E: 1–17: +crosslink, +digestion, 2ligation, 18;
marker. F: 1–8: +crosslink, +digestion, 2ligation, 9; marker. (iii).
3C analysis of thymocyte cells shown in a–d. a) lanes 1–10: primers
1F and all the reverse primers; 12–18: primers 5F and all the reverse
primers. b) 1–9: primers 2F and all reverse primers;11–18: primers
3F and all reverse primers. c)1–6: primers 6F and all reverses; 8–12:
primers 9F and all reverses; 14–16: primers 14F and all reverse
primers. d)1–4: primers 12F and all reverses; 6–7: primers 17F and
all reverses;9: primers 20F and 20R. 3C analysis of naı¨ve cells shown
in e–h. e) lanes 1–10: primers 1F and all the reverse primers; 12–18:
primers 5F and all the reverse primers; f)1–9: primers 2F and all
reverse primers;11–18: primers 3F and all reverse primers. g)1–6:
primers 6F and all reverse primers; 8–12: primers 9F and all reverse
primers; 14–16: primers 14F and all reverse primers. h) 1–4: primers
12F and all reverse primers; 6–7: primers 17F and all reverse
primers; 9: primers 20F and 20R. 3C analysis of activated T cells
shown in i–l. i) lanes 1–10: primers 1F and all the reverse primers;
12–18: primers 5F and all the reverse primers; j)1–9: primers 2F and
all reverse primers;11–18: primers 3F and all reverse primers. k)1–6:
primers 6F and all reverse primers; 8–12: primers 9F and all reverse
primers; 14–16: primers 14F and all reverse primers. l) 1–4: primers
12F and all reverse primers; 6–7: primers 17F and all reverse
primers; 9: primers 20F and 20R. (iv). a) The expression of H3
normalized to that of 18S is plotted. b) Mean fluorescence intensity
plots of H2B EGFP are shown for the different cells (N=3).
Representative images of the Sca-1+ and activated T cells for the
H2B EGFP are shown in the inset. Scale bar 2 mm.
(PDF)
Figure S8 Implications of heterogeneity in DNA patterns
on naive T-cells functions. (i). a) Representative field-view
images of naı¨ve T-cells without (Control) and with different
compressive loads (Load1 and Load 2). b) Quantitative plot scoring
for the two different DNA patterns in field images in naı¨ve T-cells
without (Control) and with higher compressive load of 2 nN (Load2)
for increase in aspect ratio (n= 500 cells each). c) Quantitative graph
showing the recovery of GFP+ cells in lymph node and spleen at
later time points (72 hr and 7days post adoptive transfer) and
analyzed for DNA patterns. (ii). Histogram plot showing the nuclear
aspect ratio for cells with central or peripheral pattern of condensed
DNA, without (Control) and with compressive load (Load). (iii).
Fraction of GFP+ naı¨ve T-cells in blood with central and peripheral
DNA patterns after 15 hr and 7 days of adoptive transfer into wild
type congenic mice. Mean+ SD is plotted.
(PDF)
Movie S1 Time lapse imaging of H2B-EGFP labeled
nucleus in cells from bone marrow to depict the nuclear
envelope fluctuations.
(AVI)
Movie S2 Time lapse imaging of H2B-EGFP labeled
nucleus in cells from thymus to depict the nuclear
envelope fluctuations.
(AVI)
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Movie S3 Time lapse imaging of H2B-EGFP labeled
nucleus in naı¨ve T-cells to depict the nuclear envelope
fluctuations. In all movies, the images have been thresholded
and converted to binary format.
(AVI)
Table S1 Table with list of genes located on chromo-
somes 1,3,4, and 17 and which show differential activity
in naı¨ve and activated T-cells.
(PDF)
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